This study deals with a master-slave system of a tele-operated construction robot . The system consists of an excavator as the construction robot, and two joysticks for operating the robot from a remote place . A fork glove is equipped with the front end of the excavator as a hand for grasping task objects . The master and the slave in this system correspond to, respectively, the fork glove and the joysticks controlled by an operator . In such a remote control system, the operator needs to feel a realistic sense of task force which is brought about from a feedback force of the fork glove . In order to attain an effective feedback of the task force , in the previous report of this study, a control method called a variable-gain symmetric-position was proposed. After that , however, a weak point was found in this method. Namely, the operator was not able to feel a realistic sense of the task force when he was grasping a soft object in comparatively a slow velocity. In the present report, therefore, for overcoming this problem , an improved method of control in comparison with the previous method is proposed.
Introduction
This study deals with a master-slave(1) system of a tele-operated construction robot. The system consists of an excavator as the construction robot, and two joysticks for operating the robot from a remote place. A fork glove is equipped with the front end of the excavator as a hand for grasping task objects. The master and the slave in this system correspond to, respectively, the fork glove and the joysticks controlled by an operator . In such a remote control system, the operator needs to feel a realistic sense of task force which is brought about from a feedback force of the fork glove . In order to attain an effective feedback of the task force, in the previous report (2) of this study, a control method called a variable-gain symmetric-position was proposed . After that, however, a weak point was found in this method . Namely, the operator was not able to feel a realistic sense of the task force when he was grasping a soft object in comparatively a slow velocity. In order to overcome this problem, in this study, we propose an improved method to the previous one so that the operator can feel enough reaction force. By applying the new method to the master slave system, the usefulness of this method is confirmed Figure 1 shows a schematic diagram of experimental apparatus consists of the joystick and the tele-operated construction robot. The joystick ("SideWinder Force Feedback 2", Microsoft Co., Ltd.) can be operated to the X-and Y-axis directions. Displacements of the joystick are detected by position sensors. A DC motor is connected under the joystick, and the reaction force from the fork glove is fed back to the operator through a speed change gear connected to the DC motor. The hydraulic cylinders for driving the construction robot are controlled by the servo valves. The displacements of the cylinders are detected by magnetic stroke sensors which are embedded in the pistons. The external forces to which the cylinders respond are detected by a pair of pressure sensors attached to the cylinders.
4.
Mathematical model for simulation analysis In this chapter, the mathematical model of the master slave system is derived for the preparation of simulation analysis discussed later.
Master system
In order to get the mathematical model of the master system, we practiced a parameter identification of the joystick. The result obtained is shown in Fig. 2 . The fi gure shows a step response curve of the displacement ym to the input torque of the joystick. From this result, the transfer function of the joystick was estimated as the one of the first order lag system (Tm=0.125 s, Km=0.18 N-1) with a time lag element (Lm=0.08 s).
Slave system
In this study the same slave system is employed as in the previous paper. Therefore, the mathematical model(3) Figure 2 Step response of master system used for this slave system is also the same as in the previous one. The following assumptions are made.
(1) The compressibility of oil is neglected. In this part, we summarize the previous method (2) of variable-gain symmetric-position. The block diagram for representing the control method is shown in Fig. 3 . In this method, the reaction torque to the joystick zr is given by Eq.(5).
and fe/fc: driving forces to the cylinder in expanding/contracting motions when an external force generated for grasping a task object by the fork glove is By applying Eq. (7), it is expected that the new method is able to deal with a grasping motion of time dependence, e.g. slow-moving grasping, and also to feed back sensitively a reaction force of an external force.
In the new method, another improvement as stated in the next is introduced. In the previous method, the reaction torque to the joysticks it is, as shown in Eq. (5), described by the relation depending on the displacement difference between the master and the slave. In this situation, as in a case of grasping a tire, we encounter a problem that the reaction torque to the joystick becomes excessively small when the difference becomes very small. In order to solve this problem, we add the new term (Tktm) of velocity-independent to the right hand side of Eq. (5). As a consequence, the reaction torque algorithm of the improved method is written by Eq. (8).
(8)
As shown in Eq. (9), the gain T changes its value with the change in the thresholdfpre.
The features of the improved method based on Eqs.(8),(9) are stated as follows, for example, in the case when the piston tends to expanding direction. If the driving force to the fork glove f is bigger than the threshold fpre given by Eq. (9), the difference between them is regarded as the external force to the piston, and thus the corresponding reaction torque can be generated . It is therefore expected in this method that the operator can feel the grasping moment very well, even if he is doing a slow-moving grasping of soft object.
In Fig. 6 , the block diagram of the master slave system equipped with the new method is shown.
Experiments and Simulation
In this chapter, applying the new method to the master slave system, we confirm the availability of the method by experiment and simulation.
Corresponding to the results shown in Fig. 4 , a task of grasping a tire step by step with slow velocity was tested by the new method and their results are shown in Fig. 7 . In the figure, the waveform of the gain T is included in Fig. 7(d) . As shown in the figure, a subtle change in gain T is appeared as a result of adopting the variable threshold fpre with velocity j'. As shown in Fig .7(c Fig.4(c) , because the effect of gain T is satisfactorily reflected on the reaction torque to the joystick. From Fig .  7 , therefore, it can be said that the usefulness of the new method was confirmed. Next, in order to complement this result, another result for grasping a hard object is shown below.
As an example for demonstrating such a case, a task of grasping a concrete block twice is introduced and the result is shown in Figs.8(a) to (c). In these figures, the task consists of two parts: Task 1 and Task 2 . In Task 1, the operator grasps the block tightly between A1 and B1 . In Task 2, the operator grasps it softly between A2 and B2 . As shown in Fig.8(a) , in Task 1, a large displacement difference between the master and the slave appears, whereas in Task 2, a small displacement difference appears. As shown in Fig.8(b) , a large driving force of the fork glove can be detected both in Task be said that the effect of applying the improved method is appearing in the reaction torque to the joystick Tr as shown in Fig.8(c) . The corresponding reaction torque Tr obtained in the previous method is shown in Fig. 9 . By comparing Fig. 8(c) and Fig. 9 , we can say as follows: fi rst, a relatively large reaction torque is generated to the operator in the improved method in comparison with in the previous one, and second, as shown in Fig. 8(c) , the waveform of Tr has a sharp increase at the points of Al and A2 corresponding to the instances when the operator grasps the block (the sensitivity of force is important at these instances). As a reflection of this fact, in the improved method, the operator could feel the grasping moment very well.
Conclusion
In a tele-robotic hydraulic construction robot system, the operator needs to feel a realistic sense of task force which is brought about from a feedback force of the fork glove. For this purpose, in the previous study, we proposed a control method named as the variable-gain symmetric-position control. However, a weak point was found in this method. Namely, the operator was not able to feel a realistic sense of the task force when he was grasping a soft object in comparatively a slow velocity. In order to overcome this problem, in this study, we proposed an improved method to the previous one so that the operator can feel enough reaction force. The features of this method are as follows; (1) In the new method, we adopted a variable threshold changing with the velocity .YS for the threshold of the reaction torque to the joystick Tr, instead of fi xed thresholds fe, fc as treated in the previous method. As a consequence, it is expected that the new method is able to deal with a grasping motion of time dependence, e.g. slow-moving grasping, and also to feed back sensitively a reaction force of an external force. (2) In the previous method, we encountered a problem that the reaction torque to the joystick becomes excessively small when the dffierence becomes very small, as in a case of grasping a tire. In order to solve this problem, in the new method, we added a new term (Tkt,n) of velocity-independent in the reaction torque algorithm. We applied the new method to the master slave system and then practiced two tasks of, first, grasping a tire step by step with slow velocity, second, grasping a concrete block tightly and softly. As a result of experiment and simulation for these tasks, the availability of the improved method was confirmed.
